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ABSTRACT
Sugar cane fibers were extracted from the rind of cane stalks with sodium 
hydroxide (NaOH) solutions of different concentrations, at atmospheric pressure, 
followed by a steam explosion. The extraction process was optimized using a central 
rotatable composite design, to study the influence o f three reaction parameters (alkaline 
concentration, time o f reaction and frequency of tumbling) on fiber bundle properties 
(weight, length, and tex). Regression analysis indicated a quadratic polynomial response.
Bleaching studies were conducted on sugar cane fibers extracted with 1 .ON 
NaOH and on kenaf fibers mechanically processed only. Hydrogen peroxide solutions of 
different concentrations were used in a completely randomized design with factorial 
arrangement of treatments. Fibers bleached with 6% and 8% peroxide at 85 °C had a 
good light color while maintaining some of the mechanical properties. Fibers more 
severely bleached resulted in whiter although weaker fibers. Lignin determinations 
showed that, for both fibers, bleaching results in a further decrease in lignin content, 
between 22% and 33% for kenaf, and 25% and 38% for sugar cane. The environmental 
scanning electron microscope was used to examine the longitudinal features of fibers 
before and after bleaching.
Dyeing studies used direct dyes as well as a basic dye. Both fibers dyed to strong 
colors, but in direct dyeing sugar cane had higher (75%-85%) exhaustion rates than 
kenaf did (28%). In the case of basic dyeing both fibers dyed with very low exhaustion 
rates.
viii
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CHAPTER 1. INTRODUCTION
The sugar cane industry in the US started to develop in 1850. and today 
Louisiana is the second largest producer. Large quantities of sugar cane are processed 
by crushing the cane stalks. Many by-products are available, but the most important is 
bagasse (Paturau, 1989). Bagasse is a fibrous residue which remains after crushing and 
extraction of the juice. It is mostly used as a fuel in the sugar factory boilers, and also 
for producing printing paper and particle board. Economical uses for this by-product of 
sugar cane have not been found yet. However, long cellulosic fiber bundles can be 
extracted from the stalk, and these fiber bundles have been investigated as value added 
agricultural products in textile and geotextile applications.
The sugar cane stalk is composed of an outer rind, which contains longer and 
finer fibers, and an inner pith of shorter fibers. The sugar cane rind contains, in addition 
to cellulosic fibers, approximately 18% lignin and 30% hemicellulose, which make up the 
middle lamella o f the fiber bundles. Initial studies on extraction of the fibers from the 
rind of sugar cane, showed that by removing controlled amounts of lignin and 
hemicellulose while subjecting the material to alkaline and mechanical treatments, thin 
fiber bundles can be separated (Collier et al, 1992).
Kenaf is another annual plant considered to be an alternative fiber crop. It 
resembles jute, but if  processed properly, by either a bacterial or chemical retting, kenaf 
is more lustrous, has greater tensile strength, and has greater resistance to rot than jute.
1
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Kenaf has been analyzed for use in paper, pulp, twines, ropes and fishing nets, and most 
recently, in apparel and interior furnishing textiles (Ramaswamy & Boyd, 1995).
Sugar cane and kenaf fibers are obtained from plants grown in large quantities, 
and in the case o f sugar cane, this is an agricultural waste available at the sugar 
processing mills after the removal o f the sugar, so there is no need for transportation. 
Lignocellulosic fibers such as sugar cane and kenaf are becoming increasingly used in 
agriculture, forestry, composites, and the pulp and paper industries, due to 
environmental concerns and the desire to reduce the harvesting of trees. The lower 
lignin content relative to the hard woods and the open nature of the cells as well as the 
high hot water solubility, allow better accessability o f  cooking liquors and a low chemical 
requirement for cooking and bleaching (Hunsigi, 1989). In addition consumers have 
been showing increasing preference for use of natural fibers in apparel and home 
furnishings.
Sugar cane and kenaf fibers derived from annual plants can be used in textiles, 
since they have properties that may be appropriate for yam spinning and also, as 
previous research indicated, can be formed into geotextile mats with applicability for soil 
erosion control (Collier et al, 1994). However, these fibers are characterized by a large 
variability in physical properties, such as length, diameter, linear density, and this 
variability can be considered a disadvantage especially in processing. Standard ASTM 
methods have been developed for sampling and measurement techniques for fibers like 
cotton and wool, but there are no valid methods for bast fibers like sugar cane and kenaf. 
The large variations in the fiber dimensions are caused by many reasons such as growing
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Jconditions, geographical locations, processing, and level o f maturity when the plants are 
harvested.
In addition, the presence o f considerable amounts of lignin in the chemical 
composition of both sugar cane and kenaf leads to different chemical properties as 
compared to cotton which is purely cellulosic in nature, and to different dyeing and 
bleaching behaviors. Moreover, since the presence of lignin in the fibers largely affects 
the physical and chemical properties, it is important to determine the amount of lignin 
present in the fibers.
Further development of value added agricultural products will require not only 
optimization o f the extraction process and determination of the effect o f  process 
parameters on fiber properties, but also the development of a valid sampling and 
measuring technique for fibers’ length and linear density. Fiber length and weight 
determine it’s linear density, which is also important in assessing a fiber’s suitability for 
textile purposes. Therefore it is important to use a sampling technique and measuring 
method that will provide a true representation of the original source material.
Extracting vegetable fibers such as sugar cane and kenaf from the plant stalks is 
often a difficult task and adds to the cost of the resulting fibers. The extraction process 
should be optimized in terms of chemical use and time to maximize the potential for 
commercial use o f  the fibers. Optimizing the extraction process to produce finer and 
more uniform fibers was a primary objective of the current work. Fiber length, weight, 
and fineness were the dependent variables used in the optimization experiments, and 
therefore development o f a valid measurement technique was key.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4This research will have an impact on economic development in Louisiana and 
could also partially alleviate the seasonal nature of the sugar industry, by providing 
processing at the sugar mills beyond the traditional fall season. Converting agricultural 
byproducts to value added products will benefit the economy of the state, and new 
markets will be developed for agricultural crops.
In previous work, atmospheric pressure extraction and steam explosion were 
used to extract fibers from cane and kenaf rind in a batch process. The current work 
concentrated on optimization of the extraction process, the development of a 
measurement and sampling method, and on the suitability of these fiber bundles for 
textile uses.
The specific objectives were:
1. To determine a valid sampling and measurement technique for fiber length and 
width.
Statistical analyses were used to determine the validity of a fiber measurement 
technique developed for natural fiber bundles.
2. To optimize the extraction processes for sugar cane and to determine the effects 
of extraction conditions on fiber properties.
The parameters that were studied were alkaline concentration, time of reaction, 
and frequency of tumbling.
3. To evaluate the bleaching and dyeing of sugar cane and kenaf fibers.
The effect of hydrogen peroxide bleaching on sugar cane and kenaf fibers was 
studied. In the dyeing process, direct dyes traditionally used for cellulosic fibers.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
5as well as a basic dye were examined. The exhaustion of the dye bath in time, the 
dye strength and color properties were determined.
4. To determine the effect of bleaching on the lignin content of the fiber bundles.
The amount o f lignin present in the fiber bundles was determined using the 
standard TAPPI method for fClason lignin determination.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER 2. REVIEW OF LITERATURE
2.1 Sugar Cane and Kenaf Structure
Fibers obtained from the stem or stalk o f plants are called bast fibers. Grasses 
such as sugar cane have stems which contain bundles o f fibers, but they are not classified 
as bast fibers. In bast fiber plants, the fiber bundles are arranged in a definite ring 
pattern, but the fiber bundles in sugar cane are more randomly arranged. They are 
widely spaced in the inner part of the stalk, but are smaller and closer together in the 
rind.
Structurally, the cane stalk from which the fibers are extracted consists of an 
outside rind and an inner pith. The outside rind has tough, cylindrical cells with thick 
walls and vascular tissues that are termed true fibers. The pith consists of 
parenchymatous cells that are soft and thin walled. The true fibers and the pith have the 
same chemical composition but their structure is different. The true fibers have an aspect 
ratio (length relative to width) of approximately 70, and a relatively high coefficient o f  
expansion and contraction upon wetting and drying. This results in a close bonding o f 
one fiber with another and accounts for the strength, cohesiveness and ability to bond 
when subjected to pulping processes. The pith cells have a smaller aspect ratio of about 
seven, and are characterized by absorbent properties. They do not bond together and 
tend to weaken any pulp (Paturau, 1989).
6
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7Kenaf, also a fibrous nonwood plant, is widely cultivated in the sunbelt regions of 
the United States. The plant has two fiber types, the outer bast fiber (25-40% of the 
plant) and the inner core material (comprising the remaining 60 to 75% o f  the plant).
The bast and core fractions typically are separated, allowing for the development of 
different markets (Sellers et al, 1993).
2.1.1 Chemical Composition
Fibers extracted from sugar cane and kenaf have three main chemical 
components: alpha-cellulose. hemicellulose, and lignin. Alpha-cellulose forms the bulk 
o f the ultimate cells, with the molecular chains oriented parallel to the fiber axis. The 
hemicellulose and lignin are located in the area between the cells forming the cementing 
material of the middle lamella. The lignin can be completely removed by chlorination 
methods in which a soluble chloro-lignin complex is formed, while the hemicellulose can 
be dissolved out o f the remaining holocellulose by treatment with a dilute alkali. Thus, 
the final insoluble residue is the alpha-cellulose constituent (Stout. 1985).
Cellulose is a natural linear polymer composed of anhydro-glucose units. 
Molecules o f beta-glucose are linked together by elimination of one molecule of water 
between the hydroxyl groups of two glucose molecules. The degree of polymerization 
varies from plant to plant, but in bagasse it is suspected to be 2000-3000 (Paturau,
1989). Cellulose is highly crystalline regardless o f the source. The ordered chains are 
tightly packed and have strong intermolecular hydrogen bonding because of the 
preponderance o f hydroxyl groups. Cellulose also contains amorphous regions, where 
chemical agents can diffuse or penetrate more easily. The hemicellulose consists of
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
8polysaccarides o f  comparatively low molecular weight, built up from hexoses, pentoses, 
and uronic acid residues. The hemicelluloses are chemically linked and oriented with 
cellulose molecules. Hemicellulose and alpha cellulose form the holocellulose (Stout. 
1985).
Lignin varies in the amount and also in composition from one type of vegetable 
material to another. In non woody fiber sources, the lignin contents are typically in the 
11-27% range. Lignin is a short chain (degree of polymerization of 60) isotropic and 
noncrystalline compound made up of phenylpropane units. Because it is not possible to 
isolate lignin quantitatively from plant materials without chemical or mechanical 
degradation, its true molecular weight is not known. Grass lignins are classified as 
guaiacyl-syringyl lignins (which is the normal softwood lignin), but in addition contain 
significant, although small, amounts of structural elements derived from p-coumaryl 
alcohol, as well as p-coumaric acid and ferulic acid residues. There is also some 
evidence that lignin is occasionally linked with polysaccharides through arabinose, 
xylose, and galactose units in the hemicellulose components. The stability of these 
linkages is the reason for the difficulty encountered in removing the residual lignin in the 
final stages o f alkaline pulping (Dence & Lin, 1992).
These three main chemical components are located in the fiber's fine structure as 
follows. Alpha-cellulose forms the bulk o f the ultimate cell walls, having the molecular 
chains parallel to the fiber axis. These “ultimates” are thread-like cells with an average 
length of 2 mm, but approximately 200 times longer than they are broad, although in the 
case o f sugar cane this aspect ratio is only 70. A fiber is composed of a bundle of
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
9ultimates, from a minimum o f  eight to nine to a maximum o f 20-25 as in the case of jute, 
which has similar cell dimensions to kenaf and sugar cane. The hemicellulose and lignin 
are located mainly in the area between the ultimates where they form the cementing 
material of the middle lamella, providing strong lateral adhesion between the ultimates. 
However, the precise nature o f the linkages that exist between the three components and 
the role played by the middle lamella in determining the fiber properties, are incompletely 
understood (Stout, 1985).
2.2 Extraction and Evaluation of Fibers
Previous studies on sugar cane fibers indicated that the key to extraction 
processes is an alkaline treatment with appropriate mechanical action. The extraction 
conditions influence the fiber bundle properties (Collier et al, 1992). The first step was 
the mechanical separation o f the rind containing the long fibers from the pith. In 
conventional processes the entire stalk is crushed and the resulting fibers are short and 
normally cannot be used in textile processes. The Tilby machine introduced in 1970s 
was found to be very efficient because it splits the stalks longitudinally and removes the 
pith (Bourzutschky, 1985). Therefore, longer fibers can be obtained. Originally the 
machines operated horizontally, but most now work vertically (Bourzutschky, 1985). 
Figure 1 illustrates the operating principles o f both full scale and pilot machines. Billets 
o f cane stalks approximately 30 cm long are guided onto the splitter blade, which cuts 
the cane into two half shells. Each piece passes to a pith removing station, which has 
two rollers. The inner roller is equipped with blades, while the outer roller has spikes in 
order to guide the piece through this station. The removed pith falls through a chute, is
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure 1. Tilby Separator.
fed onto a conveyor, and, in commercial processes, the rind piece enters the next station 
which removes the outer wax layer.
To extract the fibers from the rind, sodium hydroxide (NaOH) solutions were 
used (0.1 N and 1.0 N), at both high (2 atm, 121 C) and atmospheric pressures (Collier 
et al, 1992). Size, tenacity, and bending properties of the fibers were evaluated. The 
results showed that the length of the ultimate cells was not affected, but the extraction
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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conditions influenced the linear density o f the fiber bundles, with alkaline concentration 
being the most significant factor. Higher alkaline concentrations yielded fibers with 
lower tex values. Also, it was observed that the most severe conditions yielded fibers 
with lower tenacity and toughness values, and lower bending rigidity and hysteresis 
(Collier et al, 1992).
In later work a 20 L reactor fitted with an oscillating agitator was used (Elsunni 
& Collier, 1996). The best fibers were produced by a steam explosion process modified 
from that used for wood fibers (Wolfgang & Sarkanen, 1989). Steam was injected in the 
reactor until a pressure o f 100-150 psi was achieved. After a few seconds the discharge 
valve provided at the bottom of the reactor was opened, creating a sudden release of 
pressure which blew the fibers out, and also blew them apart. Dry separated fibers were 
obtained. Fibers with the best properties for spinning into yams were obtained with 
steam explosion and lower NaOH concentrations (Elsunni & Collier, 1996).
The physical characteristics o f the sugar cane fibers extracted were examined 
using an environmental scanning electron microscope (Tao & Collier, 1994). The fibers 
were cut to 5-10 mm length, mounted on a stub, and viewed without drying and coating. 
The micrographs obtained showed the longitudinal and cross-sectional morphology of 
sugar cane fibers after high temperature water pretreatment. The amount o f encrusting 
materials between the ultimates, as well as the size of the fibers, were observed. The 
ESEM examination allowed to understand the effect o f high temperature water 
pretreatment on the presence o f encrusting materials.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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The same process used for the extraction of fiber bundles from the rind of sugar 
cane was adapted to kenaf (Collier et al, 1994). Different kenaf rind sources were used: 
green whole stalk, dry whole stalk, and peeled, stripped and two year stored kenaf.
Fibers were extracted at low NaOH concentrations followed by steam explosion.
Results showed similar reaction conditions to those applied to the cane rind can also be 
employed to obtain kenaf fiber bundles that can be used for nonwoven mats or yam 
applications.
The influence of chemical and bacterial processes on the properties of extracted 
kenaf fibers was also studied (Ramaswamy, 1993). In bacterial retting, kenaf was retted 
in open troughs at room temperature for 10 days. In the chemical process, the stalks 
were soaked in 0.85% Triton X-100 (wetting agent) at a liquid to fiber ratio of 10:1 for 
one hour. Then 7% NaOH and 0.5% sodium sulfate were added at a liquid to fiber ratio 
of 20:1. The solution was boiled for one hour, then the fibers were washed in hot water 
and submerged in 2% acetic acid solution, and again thoroughly washed in hot water.
Gum content (total oil, wax, lignin and other hemicellulosic material), bundle 
tenacity and reed length (total length from base to tip o f the decorticated kenaf stalk) 
were determined for all varieties used and for both extraction processes. For all 
varieties, bundle breaking tenacity and residual gum content o f bacterially processed 
fibers were significantly higher than chemically processed fibers, while reed length and 
breaking elongation were the same for both processes. It was concluded that bacterial 
retting produces better fibers, but with higher residual gum content. Although bacterial 
retting may be an effective process for smaller scale production of fibers, it takes a long
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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time and is labor intensive (Ramaswamy, 1993). Therefore chemical extraction using 
alkaline solutions is preferable.
2.2.1 Sampling for Fiber Measurement
Standard methods have been developed for obtaining representative samples of 
natural fibers, such as wool and cotton, but none exist specifically for bast or long 
vegetable fibers. ASTM (American Standard Test Method) D1234 is a standard method 
of sampling and testing staple length o f grease wool, but can also be applied for other 
animal fibers in staple form. It is recommended that packages of wool are randomly 
selected from a lot, and then from each package 10 staples of fibers o f approximately 5 
mm in diameter are randomly selected by hand or by a drawing tool. The method 
however is not recommended for individual fibers or straightened fibers.
ASTM D 1441 is a standard practice for sampling cotton fibers for testing. 
Portions o f fiber are selected carefully and randomly from different parts of the source 
material to provide a lot of sufficient size (usually 100 g). A more generalized method 
(ASTM D 629) deals with sampling o f  other natural fibers (such as hemp, flax, ramie) 
and man-made fibers for chemical tests and microscopical analyses. As a laboratory 
sample, when fibers are in bulk, it is recommended that fibers are selected randomly 
from five different places from each bale. A lot sample, laboratory sample, or test 
specimens are selected in such a manner that all fibers present have same probability of 
being sampled. All existing methods for any type of fiber, recommend a randomized 
sampling in order to assure that the specimens tested correctly represent the original 
source material.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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23  Bleaching
To be satisfactory for consumer use, cellulosic fabrics are bleached because their 
natural color could be a disadvantage in commercial markets and in any dyeing process 
the textile may undergo. The bleaching operation involves solubilizing and removing 
diverse impurities and extraneous materials: natural fats and waxes, pectins and 
hemicellulose, protein materials, and mineral ingredients (Lewin, 1984). Bleaching is 
especially important in fibers with high lignin content because the residual lignin is 
photo-sensitized under the action o f light, leading to gradual discoloration. Three 
systems are used for bleaching cellulosics: hypochlorite, hydrogen peroxide and chlorite. 
However, because o f the presence o f non cellulosic constituents like lignin in long 
vegetable fibers the action of conventional bleaching agents is different as compared to 
their action on cotton (Mukheijee & Radhakrishnan. 1972). Depending on the intensity 
of the action, bleaching and alkali treatments lead to loss in the tensile strength of the 
fibers caused by partial removal of non-cellulosic components which basically constitute 
intercellular binding materials. In addition, the hemicelluloses have a low degree of 
polymerization and are soluble in strong alkali, so bleaching under conditions used for 
cotton can cause a large loss in weight, sometimes up to 25%.
2.3.1 Peroxide Bleaching
Hydrogen peroxide is the most commonly used bleaching agent for textiles, due 
to a number o f important advantages over other bleaching agents (Lewin, 1984). 
Advantages include: it produces a stable white color, its reaction products are relatively 
non toxic, and it decomposes to oxygen and water, when applied under optimum
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conditions, the cellulose and lignin are not degraded during bleaching, and it is 
compatible with most fibers, under a wide range of bleaching conditions.
Hydrogen peroxide solutions have a maximum bleaching action at pH 11-11.5 
and can be used at temperatures up to 120°C in the presence of a stabilizer. It is 
believed that the active specie in the peroxide bleaching is the perhydroxyl ion (HOO-) 
formed when hydrogen peroxide dissociates. In an alkaline medium the hydroxyl ions 
present neutralize the hydrogen ions, thus promoting the liberation of perhydroxyl ions. 
However, too high a pH or temperature leads to a catalytic degradation of the fibers due 
to the presence of heavy metal ions or their salts in the fiber before bleaching.
Therefore, stabilizers must be added to the bath. These provide a buffering action, 
which ensures that the pH is not too high, and they also have the ability to complex 
traces of heavy metals. The most commonly used stabilizers are sodium silicates, 
because they are cheap, they have a detergent action, and they inhibit corrosion of metal 
materials. Alkali, usually NaOH is also added in the peroxide bath as an activator 
(Lewin, 1984).
The effect of hydrogen peroxide bleaching on jute has been studied in detail. 
Previous work has shown that when jute is treated with hydrogen peroxide at a  liquor 
ratio 1:20 (the ratio between the weight of the fibers and the weight o f the bleaching 
bath) in the presence o f  alkali at 75-85 °C, alpha-cellulose remains unattacked while 
about 4% hemicellulose goes into solution together with a small amount of lignin. By 
increasing the liquor ratio to 1:100 and the concentration o f peroxide it was possible to 
remove about 4.6% lignin and 4.5% hemicellulose (Das et al, 1952). Other studies
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showed also that alkaline hydrogen peroxide gives a good white color and less yellowing 
as compared with chlorine agents (Stout, 1985).
Bleaching o f  jute fibers can be enhanced by enzyme pretreatment (Kundu et al, 
1993). When peroxide is used as a bleaching agent, the oxidant penetrates the pores of 
middle lamella and cell wall and reacts with the lignin. By treating the fibers with 
enzymes such as cellulase and xylanase, enhanced bleaching is obtained, because the 
pore volume increases 46%, and this leads to an increased capacity to retain peroxide of 
25.5%. In addition, more lignin is accessible to the oxidant. Increased softness was also 
achieved using this enzyme treatment.
2.3.2 Chlorine Bleaching
Bleaching studies on jute have shown that alkaline or neutral hypochlorite gives 
a product with a rapid yellowing tendency. Sodium chlorite under acid conditions 
shows the least yellowing, but drastic loss of strength can take place (Stout. 1985). 
Chlorite has been used for the complete delignification of jute since it removes more 
lignin than does hydrogen peroxide. Essentially, for bleaching bast fibers, milder 
conditions with longer treatment times should be used. The more severe the conditions 
used, the higher the whiteness but the greater the loss in weight (Lewin, 1984).
Other bleaching studies involving jute showed that the non-cellulosic 
components can be completely destroyed by prolonged boiling in alkaline baths.
Swelling with concomitant shrinking of the fiber may also occur. Because o f the high 
lignin content, such fibers show a strong tendency towards chlorine retention. Lignin 
may combine with chlorine forming products soluble in water. The formation and
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removal of these products destroys the cohesion of the ultimate fibers (Rukhana, 1968). 
When bleaching with chlorine, the operation must be carried out not in an acid bath but 
in a neutral to slightly alkaline medium (Tucci, 1955).
2.4. Color Properties
Many systems have been used to describe color objectively and to compare 
different colors. One o f the best known is the Munsell Book of Color. It is a collection 
of 40 pages of colored chips arranged so that on each page adjacent chips are mounted 
in columns and rows and have equal intervals o f perceived color difference (Aspland. 
1993). The Munsell system relates color to three main attributes: hue, value and 
chroma. Hue is the basic color name, such as red, blue, green, yellow and so forth.
Value is the lightness or darkness o f a color, and ranges from 1 (very dark) to 9 (very 
light), with the nonexistent absolute black and white as 0 and 10. The third attribute, 
chroma, is the strength o f the color, the “intensity” or “saturation”. A high chroma will 
describe a bright color while a low chroma will refer to a dull color (Collier & Epps, in 
press).
In the early part o f the century, reflectance spectrophotometry and the science of 
colorimetry were developed, and thus methods of defining color more accurately 
appeared. The technique used in this study to describe color is known as colorimetry. 
Colorimeters evaluate the reflected color o f  a specimen using three sensors that respond 
to red, green, and blue (Collier & Epps, in press). This measurement technique is based 
on the tristimulus theory and provides the tristimulus values X, Y, and Z. There are 
three types o f sensors in the human visual system responsive to long, medium and short
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wavelengths, with spectral peaks at 558 nm, 531 run, and 420 nm. These three colors 
(red, green and blue) are the primary colors from which all other colors of light can be 
obtained by adding them in different proportions (Collier & Epps, in press).
Another theory in color characterization is the opponent theory of color vision, 
which forms the basis of the CIELAB system of color measurement, introduced in 1976. 
The CIELAB values L, a, and b are mathematically derived from the tristimulus color 
values X, Y, and Z. This system consists o f three opponent scales. The L or lightness- 
darkness scale runs from 0 to 100, representing black to white respectively. The a scale 
runs from -60 (green) to 60 (red), and b scale from -60 (blue) to 60 (yellow). The a and 
b scales intersect at right angles at the origin, where the colors are achromatic.
Therefore the higher the values o f a and b, the more saturated is the chroma. Any color 
can be precisely described by the combination of these three values, the three scales 
forming the CIELAB color space (Collier & Epps, in press).
2.5 Dyeing
Dyeing is defined by the American Association of Textile Chemists and Colorists 
(AATCC) as "the application of a dye to a substrate normally with the intention of 
obtaining an even distribution throughout the substrate". All dyes are aromatic 
compounds with conjugated double bonds, to which chromophores that are responsible 
for the color and auxochromes that give the intensity of the color are attached. The 
most important dyes for cellulosic fibers, in the order of increasing fastness or stability 
properties on the fiber, are: direct, developed, sulfur, azoic, reactive, and vat dyes.
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Since direct dyes are used for cellulosic fibers, these dyes were examined in the present 
work for fiber bundles produced from cane rind and kenaf.
Direct dyes are "anionic dyes substantive to cellulose when applied from an 
aqueous bath containing electrolyte" (Aspland, 1991). They are held to the fiber by 
weak physical-chemical forces, explaining the poor wet fastness properties of these 
dyes. Fastness ranges from poor to moderate in wet treatments such as washing, and 
from poor to very good in light. The dyes ionize in an aqueous medium, and the 
chromophore constitutes the anion. They require the addition of electrolytes to the dye 
liquor in order to promote exhaustion (absorption of dye onto the fiber). Cellulosic 
fibers assume a negative charge when immersed in water, and this would repel the dye 
anion. The electrolyte lowers the surface potential of the fiber and modifies the 
structure o f water around the hydrophobic part of the dye molecule and around the 
surface o f the fiber, creating a new order in the solution due to their solvation.
Therefore, the dye molecules can come closer to the fiber and bind to it through 
hydrogen bonds and Van der Waals forces (DeGiorgi et al, 1985). However, the 
question o f how much salt is to be added arises. Enough should be added to ensure 
good exhaustion but not enough to precipitate the dye. Traditionally, the amount of salt 
is increased with increasing dye concentration and increased liquor ratio. The following 
formula is commonly used (Aspland, 1991):
Concentration of salt (g/L) = % Dye on weight o f fiber x 10.
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As mentioned earlier, dyes are constituted from compounds containing aromatic 
rings (mostly between four and seven), which in the case of direct dyes are mainly 
derivatives o f benzene and naphthalene with different substitutes. The most important 
substitutes o f direct dyes are the sodium sulphonate groups, -S 0 3Na. which are 
responsible for the property o f water solubility. When dyes are placed in water, these 
groups ionize into sodium cations (Na*) and colored sulfonate anions (-S03'), both very 
attractive to water, so they are immediately surrounded by water molecules. Depending 
on the number of these groups, the dye is more or less soluble, and this will dictate how 
much electrolyte will be needed to force the dye out o f the water and into the fiber 
(Aspland, 1991).
Direct dyes are usually classified according to the nature of the chromophore. 
which is the group responsible for the color of the product. These chromophores can 
be: azo (-N=N-), stilbene (C6H,-CH=CH-C6H4), oxazine (an oxygen and nitrogen 
containing ring structure), and phtalocyanine (a copper complex). All these 
chromophores usually appear between aromatic rings. Azo dyes are by far the largest 
number of direct dyes (Aspland, 1991).
Basic or cationic dyes have a cationic colored component. They are salts, 
usually chlorides, or sometimes oxalates or double chlorides with zinc chloride. The 
main properties of basic dyes are the brilliance and the intensity of their color, although 
they have poor fastness properties (Trotman, 1984).
Because of the presence of lignin and hemicellulose, it is expected that sugar 
cane and kenaf fibers will have a different dyeing behavior than cotton. The absorption
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of water and/or dyes is greatly influenced by the chemical structure of the fiber and 
crystallinity. Water molecules are attracted by the hydroxyl groups of the cellulose, and 
diffusion takes place but not in the crystalline regions where there is a tight packing of 
the molecules. Thus, the absorption properties are proportional to the existence o f 
noncrystalline, less ordered regions (Batra, 1985). Since hemicellulose is not crystalline, 
its presence in fibers such as sugar cane will increase the moisture regain. Regain values 
of isolated alpha-cellulose and hemicellulose were compared and it was found that 
hemicellulose has twice the regain of alpha-cellulose (Batra, 1985). However, the 
presence of lignin decreases the moisture absorption since lignin is more hydrophobic. 
Moreover the layers o f lignin in the middle lamella will hinder the penetration o f water 
and dyes into the cellulosic wall. Therefore it might be expected that the absorption and 
dyeing behavior of sugar cane and/or kenaf are enhanced if less lignin is present in the 
middle lamella and the fiber bundles are more separated. In this case, the functional 
groups of cellulose are more available to the penetration of chemicals.
Dyeing rate, as well as the amount o f dye absorbed, is also important in 
describing dyeing behavior. The general principle involves measuring by 
spectrophotometric methods the amount o f dye remaining in solution at specified 
intervals. The results are expressed as percentage exhaustion of the bath, which is the 
percentage of dye originally present that is adsorbed on the fiber at any given time 
(Burdett, 1952). The rate o f dyeing is governed by various factors such as the structure 
of the material (fiber, yam, or fabric), dyebath liquor ratio, rate o f agitation or 
circulation, affinity o f the dye for the fiber, dye concentration, and electrolyte.
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Temperature is also an important factor because dyeing rate increases with temperature. 
The optimum temperature depends on the rate of circulation that influences difiission. an 
increased rate lowering the time required to reach a certain adsorption, and thus 
decreasing the optimum dyeing temperature (Burdett, 1952).
The literature does not contain a large volume o f information on dyeing of 
lignocellulosic fibers, with the possible exception of jute. Dyeing studies were 
conducted on jute, using basic, acid, direct, and sulfur dyes (Patro, 1971; Rukhana.
1968; Tucci, 1955). Having a high lignin content, jute shows good affinity for basic 
dyes and requires no prior mordanting (impregnation with metallic oxides that enables 
better dye absorption). Basic dyes on jute do not possess a very high degree of light 
fastness (color’s resistance to fading due to light) and have poor penetrating qualities, 
but they produce very bright shades, thus commanding a large market. Acid dyestuffs 
on jute have the advantage over basic dyestuffs of being faster to light and rubbing and 
having superior penetrating properties. Direct dyestuffs on jute possess good 
penetration and are fairly fast to washing, but the shades are dull compared to acid and 
basic dyes.
The comparative dyeability and colorfastness characteristics of direct-dyed 
ramie, flax, and cotton yams were evaluated, and it was found that there are some 
differences in the dyeability characteristics (Cheek, 1990). The colors obtained were 
described quantitatively using a colorimeter. When all three fibers were dyed under the 
same conditions, the shades produced varied. The colors produced on cotton were 
brighter than those produced on ramie and flax, because cotton is a thinner fiber with a
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higher surface to volume ratio and so absorbed more dye per volume of fiber. Ramie 
absorbed less dye than flax or cotton, but its relative depth of shade was higher. This 
behavior was due to optical effects arising from the large cross-sectional size of ramie 
and its highly ordered structure. All three fibers were similar in colorfastness 
characteristics.
2.6 Determination of Lignin Content
The determination of lignin is an important analysis for characterizing 
lignocellulosic materials, in order to assess the effects of chemical, physical and 
biological treatments. Many methods have been developed, but none is completely 
satisfactory, since the formula o f lignin is not definitively known and lignin has yet to be 
isolated in a pure form. This is why values reported in literature may not always provide 
a reliable indication of the 'True” lignin content of the material (Dence. 1992).
There are various methods used for the determination o f lignin, classified as 
either direct or indirect methods. The methods falling in the first category consist of 
hydrolysis and solubilization of the carbohydrate component of the lignocellulosic 
material, leaving the lignin as a residue which is determined gravimetrically. Extraneous 
materials are removed prior to the hydrolysis in an extraction step with an appropriate 
solvent or combination of solvents (usually ethanol-benzene). A variety o f strong 
mineral acids can be used for hydrolysis and applied either individually or in 
combination. The most widely used direct method employs sulfuric acid to promote the 
hydrolysis of the carbohydrate, and the lignin isolated is referred to as acid insoluble 
lignin, or as Klason lignin, after the wood chemist who developed this procedure.
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However, some lignins may dissolve as well in the sulfuric acid depending on the types 
of groups present. In such cases the method requires corrections for acid-soluble lignin.
Indirect methods on the other hand do not involve the isolation of lignin. The 
lignin content is calculated as the difference between 100% and the polysaccharide 
content o f an extractive-free sample. In this category fall the commonly used 
spectrophotometric methods, which depend on the capacity o f lignin to absorb radiation 
corresponding to various regions in the electromagnetic spectrum.
Some methods consist essentially o f dissolving the sample in a suitable solvent 
and measuring the UV-absorbance o f the solution at a wavelength characteristic o f 
lignin, usually 280 nm. Among the solvents used to dissolve lignocellulosic materials are 
sulfuric acid, phosphoric acid, nitric acid, sodium chlorite, cadoxene, and acetyl bromide 
in acetic acid (Dence, 1992). Of these, the acetyl bromide method seems to have gained 
the widest acceptance, because it is simple and rapid, adaptable to small samples, does 
not require a correction for acid-soluble lignin, involves minimal chemical modification 
of the sample, does not have interference from nonlignin products. However, it is not 
recommended for samples that have undergone chemical reactions such as oxidation 
during bleaching. Under these conditions, no spectrophotometric method is viable 
(Dence, 1992).
The acetyl bromide method has been modified for use in the determination of 
lignin in fibrous materials derived from kenaf (Bagby et al, 1973). The materials 
included defoliated green and field-dried stalks, ensiled green material (kenaf stored in a 
specific way to keep it green), bark and woody core fractions, and alkaline pulps.
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Results from the modified UV procedure were compared statistically with those 
obtained with the more standard sulfuric acid procedure and showed a correlation 
coefficient o f 0.97. The precision of the UV method was at least as good as the sulfuric 
acid method.
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CHAPTER 3 
METHODS AND RESEARCH INSTRUMENTS
In the rind of sugar cane, the fibers are bonded in the middle lamella by lignin and 
other encrusting materials. In order to obtain the fibers, the lignin and binding 
substances must be removed. The extraction conditions significantly affect the amount 
o f lignin removed and the properties o f fiber bundles obtained. The variables controlled 
in this study were alkaline concentration, extraction time, and mechanical agitation. The 
dependent variables that were studied included the size and morphological characteristics 
o f the fibers, the tensile properties o f the fibers, the amount of lignin, and bleaching and 
dyeing behavior of the fibers. This section presents the experimental methods and the 
research instruments that were used for the delignification process, evaluation of fiber 
characteristics, bleaching, dyeing, and lignin determination.
3.1 Preparation and Extraction
3.1.1 Mechanical Separation
Fresh sugar cane stalks harvested from fields in Louisiana, and kenaf stalks from 
Mississippi were thoroughly washed to remove foreign materials and processed through 
a Tilby cane separator. The pilot scale Tilby machine used is based on the same principle 
as the full scale operating machines. The rind was discharged directly and collected for 
the extraction processes, then cut above and below the nodal regions, which were 
eliminated because of different morphology. Thus, the rind pieces used were between 50- 
280 mm in length.
26
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3.1.2 Alkaline Extraction
An alkaline treatment was used to extract fiber bundles from the cane and kenaf 
rinds. Different concentrations of sodium hydroxide were used to obtain fibers with 
different properties. The reaction was conducted in a 20 L steam jacketed autoclave 
reactor composed of two concentric stainless steel cylinders having 225 and 300 mm 
diameters. The annulus of the cylinders is connected to a steam source for heating the 
inner tube contents. The bottom of the reactor has a conical shape tapering down to a 
50 mm discharge line. The discharge is controlled by a 50 mm stainless steel ball valve 
rated at 3.4 MPa. The top of the reactor is flanged with a 25 mm thick stainless steel 
ring with 12 equally spaced 16 mm holes. The cover o f the reactor is of 25 mm 
thickness and has a 350 mm diameter. Temperature and pressure gauges are installed on 
the top cover. Mechanical agitation was provided by a tumbling motion. The reactions 
were conducted at atmospheric pressure, followed by a steam explosion. The 
parameters that were varied following a central composite rotatable design, were: 
alkaline concentration, time of reaction, and frequency of tumbling.
3.1.3 Steam Explosion
The same reactor was used for steam explosion, which is a physical technique for 
further fiber separation. After the alkaline solution was drained from the reactor, steam 
was injected to create a pressure of 100-150 psi. The temperature and pressure inside 
the vessel were measured through gauges installed on the top cover. After several 
minutes the bottom ball valve was opened, creating a sudden release of pressure inside
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the fibers, blowing them apart. The fibers discharged were collected for measurement 
o f fiber properties.
3.1.4 Experimental Design
Eighteen experiments were conducted following a central composite rotatable 
design. One hundred grams of fresh harvested sugar cane rind, sun dried after Tilby 
separation, were processed in 8 L of alkaline solution followed by steam explosion, in a 
20 L autoclave reactor in the Chemical Engineering Department at LSU. All 
experiments were conducted at atmospheric pressure. The independent variables that 
were studied were concentration of NaOH solution expressed as normality, time of 
reaction, and frequency of tumbling (time interval between two successive tumbling 
sessions). First the appropriate experimental region for each parameter was located.
Five coded levels were chosen for each parameter (-1.68, -1,0, 1, 1.68), and every real 
interval of values for the parameters was obtained based on the following equations:
= 3-36( C -  0.5 ) .
1 { 2.5 ) '  ’
_ 3.36( r  -  30 ) _
2 ( 210 )
= 3-36( /  -  10 ) _
3 ( 50 )
where C is the normality of the NaOH solution, T is the time of reaction in minutes, I is 
the time interval between two successive tumblings in minutes, and x,, x2, and x3 are the 
corresponding coded variables for the parameters. The real coded and experimental 
values of the process variables are presented in Tab lei.
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The experimental design was obtained from the combination of the five levels for 
the three parameters (2k+2*k=14, where k=3 the number o f parameters) and the 
repetition of the central experiment (from 15 to 18) (Table 2). An additional 11 
experiments completed the design so that the delignification process was also conducted 
without agitation (Table 3). These experiments were obtained as follows: 2fc+2*k=8. 
(where k=2 is the number of parameters), and three times the central experiment.
Table 1. Coded and Experimental Values of Process Variables.
Coded level Normality Time (min) Frequency of 
tumbling (min)
-1.68 0.50 30 10
-1.00 1.00 72 20
0.00 1.75 135 35
1.00 2.50 198 50
1.68 3.00 240 60
Table 2. Sequence o f Experiments According to the Central Composite Design.
Exp. No. Coded Variables Real Variables
x, X 2 * 3 Normality Time
(min)
Tumbling
freq.(min)
1 -1.00 -1.00 -1.00 1.00 72 20
2 1.00 -1.00 -1.00 2.50 72 20
-1.00 1.00 -1.00 1.00 198 20
4 1.00 1.00 -1.00 2.50 198 20
5 -1.00 -1.00 1.00 1.00 72 50
6 1.00 -1.00 1.00 2.50 72 50
Table con’d.
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Table 2 continued.
7 -1.00 1.00 1.00 1.00 198 5
8 1.00 1.00 1.00 2.50 198 50
9 -1.68 0.00 0.00 0.50 135 35
10 1.68 0.00 0.00 3.00 135 35
11 0.00 -1.68 0.00 1.75 30 35
12 0.00 1.68 0.00 1.75 240 35
13 0.00 0.00 -1.68 1.75 135 10
14 0.00 0.00 1.68 1.75 135 60
15 0.00 0.00 0.00 1.75 135 35
16 0.00 0.00 0.00 1.75 135 35
17 0.00 0.00 0.00 1.75 135 35
18 0.00 0.00 0.00 1.75 135 35
Table 3. Experiments Without Agitation.
Exp. No. Normality Time (min)
1 1.00 72
2 2.50 72
3 1.00 198
4 2.50 198
5 0.50 135
6 3.00 135
7 1.75 30
8 1.75 240
9 1.75 135
10 1.75 135
11 1.75 135
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3.2 Evaluation of Fiber Properties 
3.2.1 Examination of Morphological Characteristics
In order to examine the physical characteristics of the fibers, an environmental 
scanning electron microscope (ESEM),was used. The ESEM allows examination of 
specimens without coating and drying, and also enables observation of structural changes 
in textile materials under different conditions, such as wetting and heating. The amount 
o f encrusting materials between the ultimate fibers, as well as the size of the bundles, can 
be observed. Although this technique is qualitative, it provides valuable information to 
support other measurements.
3.2.2 Fiber Bundle Size
A sampling procedure developed in previous studies (J. Thames, unpublished 
master's thesis; Y.P. Chen, unpublished master's thesis) was used to select fibers from 
each condition for measurement of length and linear density. Linear density expressed in 
tex is the weight in grams of 1000 m of fiber. A 0.1 g sample o f fibers from each 
extraction condition was randomly selected. Each fiber in the sample was weighed to the 
nearest 0.0001 g, and its length measured in mm to determine the linear density. Only 
fibers longer than 20 mm were selected, because shorter fibers can not be used for the 
formation of desirable products.
3.3 Bleaching of Fiber Bundles
3.3.1 Bleaching Conditions
Sugar cane fiber bundles extracted at atmospheric pressure using 1.0 N NaOH 
were bleached in an Ahiba Texomat laboratory scale dyeing machine. The machine
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permits the testing of textiles under controlled conditions of temperature and time. The 
fibers were placed in high temperature perforated stainless steel baskets that were moved 
vertically for agitation in the glass beakers that contained the bleaching bath. The 
baskets had perforations that prevented most o f the fibers from escaping into the bath. 
The bleaching bath had a 1:20 liquor ratio, and its composition was : H20 2(10, 15. 20. 
and 25g/L), Na2S i03 (3 g/L) as a stabilizer, NaOH (0.5 g/L), and Na2C 0 3 (1.8 g/L).
The fibers were washed and then bleached following a completely randomized 
experimental design with a 2x2x4 factorial arrangement of treatments. The independent 
variables studied were temperature with 2 levels (75 °C and 85°C), time with 2 levels (2 
and 3 hours) and hydrogen peroxide concentration with 4 levels (4. 6. 8. and 10%).
These conditions were selected because as mentioned earlier, hydrogen peroxide is a 
better bleaching agent for these fibers, and milder conditions are recommended. The 16 
bleaching experiments were conducted in random order. ESEM was used to examine 
the structural features of bleached fibers. In addition, from each set o f bleached fibers, 
samples of 20 fiber bundles were randomly selected and tested for tensile properties.
Kenaf fibers selected for bleaching and dyeing were neither chemically treated 
nor steam exploded, because they were already long and fine enough to be considered 
for textiles. The fibers were only mechanically processed and cleaned to remove core 
material at the USDA/SRRC in New Orleans. The cleaner (Rando) was a roller type 
cleaner equipped with fine saw-tooth wires. The fiber bundles obtained were 
approximately 6-12 cm in length and 0.5-3 mm in diameter. The kenaf fibers were
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bleached under the same conditions as sugar cane, following the same experimental 
design.
Table 4. Bleaching Experiments According to the 2*2*4 Factorial Design.
Exp. Nr. Time (hrs.) Temp. (°C) H20 2 Cone. (%)
1 2 75 4
2 2 75 6
3 2 75 8
4 2 75 10
5 2 85 4
6 2 85 6
7 2 85 8
8 2 85 10
9 j 75 4
10 3 75 6
11 3 75 8
12 75 10
13 3 85 4
14 3 85 6
15 3 85 8
16 3 85 10
3.3.2 Tensile Properties
Standard test methods are available for testing the breaking load and elongation 
o f textile fibers and yams. In this study, an Instron 4300 tensile tester with pneumatic
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grips was used. This instrument has two major systems: a crosshead drive and control 
system that apply tensile or compressive loading to a specimen, and a highly sensitive 
load weighing system, which measures the loading of a specimen. During a test the 
results occur instantaneously as tracked values o f load, extension and strain, or after a 
test, as stored break and peak values of these parameters. The load at peak, stress at 
peak, strain at break, load at break, stress at break, Young’s modulus, and energy to 
break values are printed out from the interfaced computer for different specimens. Also, 
the standard deviation and mean values are obtained. A load cell of 10 N and a gauge 
length of 20 mm were used to test the tensile properties of bleached fiber bundles. The 
crosshead speed was 100 mm/min.
3.3.3 Color Measurement
Using a Gardner Tristimulus Colorimeter and the CIELAB system, the color of 
the sugar cane bleached samples was characterized. Multivariate Analysis o f  Variance 
(MANOVA), Analysis o f Variance (ANOVA), and correlation analyses from the 
Statistical Analysis System (SAS) were used to interpret the results.
3.4 Dyeing Procedure
3.4.1 Direct Dyeing
Two direct dyes were selected, based on the size of the molecule: Direct Red 81. 
a class A small molecule dye, and Direct Green 26, a class B larger dye that requires 
controlled addition of salt. The bleached fibers were washed in cold water, then dyed at 
a 1:50 liquor ratio, with 2% owf (on weight o f  fiber) dye, and 20% owf salt (NaCl, 20 
g/L), in an Ahiba Texomat Dyeing machine under controlled conditions of temperature
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and time. The dyeing bath was set to 40°C, the fibers were added and then the bath was 
heated to 90°C, maintained at this temperature for one hour, then cooled to 60CC where 
the dyeing took place for another 30 min. Since Direct Red 81 is a class A dye, it 
requires the addition of salt at the beginning of the dyeing operation. In the case of 
Direct Green 26 the salt was added in portions (1/7, 2/7 and 4/7 o f the total quantity) 
during the dyeing process, as recommended for class B dyes (Aspland, 1991).
Calibration surfaces were created for both dyes, based on the absorbance 
readings of dye solutions o f known concentrations (0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.4, 
0.45, and 0.5 g/L), and salt solutions of different concentrations (0, 5, 10, 15 and 20 
g/L). Since the presence of salt affected the absorbance readings, calibration surfaces 
that took into consideration the salt concentration were created. The percent exhaustion 
of the dye bath for every dyeing experiment was obtained using the calibration equations, 
by reading the absorbance of small aliquots from the dyeing bath at different time 
intervals. The absorbance was read at the wavelength of maximum absorption of each 
dye (597 nm for Direct Red 81, and 606 nm for Direct Green 26), using a Hitachi 2000 
UV spectrophotometer. Linear regression analyses from SAS were used to determine 
the final calibration equations. Cross-sections of dyed fibers were examined under an 
Olympus BH-2 microscope to determine the dye penetration of the two dyes.
3.4.2 Basic Dyeing
Basic Green 4 was selected for the basic dyeing because this dye was extensively 
used on jute fibers. The dye was pasted with an equal quantity o f 30% acetic acid and 
cold water, then dissolved with boiling water. The dyebath was then set with the
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required amount of water to give a 1:50 Iiq. ratio. 2% dye owf (on weight of fiber), and 
2-5% owf acetic acid. The fibers were entered into bath at 50 °C and dyed for one hour 
at 90° C, as recommended for jute fibers.
3.4.3 Dye Strength and Color Characterization
Dye strength and CIE LAB values for color characterization were measured 
using a Datacolor Spectra Flash 500 spectrophotometer available at USDA- Southern 
Regional Research Center in New Orleans. LA. The instrument was set up to read two 
values (on the face and back of the sample) and then the average was automatically 
computed and printed. Dye strength was calculated by the computer based on the 
Kubelka-Munk equation:
K/S = (1 -R)2/2R
in which R is the reflected light at a specific wavelength, K is the coefficient of 
absorption o f the dye at that wavelength, and S is the coefficient o f scattering at the 
same wavelength (Trotman, 1984). This equation defines the relationship between 
reflectance of dyed material and the concentration of the dyes present, and is based on 
the fact that at all wavelengths the reflectance of a dyed material decreases with 
increasing dye concentration. The wavelengths used by the instrument were: 520 nm for 
Direct Red 81, 620 nm for Direct Green 26, and 630 nm for Basic Green 4.
3.4.4 Microscopic Examination
Sugar cane dyed fiber bundles were embedded in an epoxy resin. After the resin 
hardened, the fiber bundles were cut crosswise with a blade, and examined with an 
Olympus BH-2 light microscope.
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Kenaf dyed fiber cross-sections were obtained by embedding the fibers in a LR- 
White embedding medium, and then by cutting with a DuPont-Sorvall Ultramicrotome 
5000. The photo-microscope used for examination was a Nikon Microphot-SXA.
3.5 Lignin Determination
Lignin was determined in the samples before and after bleaching using the 
standard TAPPI method. First the material was ground to pass a 40-60 mesh (with 
openings between 0.250-0.425 mm), and then extracted in a Soxhlet with alcohol- 
benzene (1:2 v/v) for approximately five hours. Then, 1.0 g samples of the extracted 
material were weighed into 100 mL beakers, and 15 mL of sulfuric acid (72% ) were 
added to each. After a two hour digestion, each product was flushed from the beaker 
into a 2 L Erlenmeyer flask with enough water to adjust the volume to 575 mL (to give a 
mixture containing 3% sulfuric acid). The contents were boiled for four hours, 
maintaining the same volume o f water until the lignin coagulated. The precipitates were 
then filtered, washed with hot water and oven dried to constant weights. Lignin values 
were calculated as the difference in weight from the original sample.
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CHAPTER 4. RESULTS AND DISCUSSION
4.1 Validity of Sampling and Measuring Technique for Fiber Size
Fibers extracted at atmospheric pressure with different alkaline concentrations 
were randomly selected and measured for weight, length and tex, as described in the 
methods section. The values obtained were analyzed statistically using the Univariate 
procedure from SAS, and t tests to compare the dimensions of fibers extracted under 
different conditions, in order to assess the validity o f the sampling technique.
Stem leaf and box plots from Proc Univariate were used to determine if the data 
were normally distributed. It was observed that for some conditions, such as 3.ON and 
4.0N, tex and weight were normally distributed, but there were outliers for length 
(observations that have extreme values relative to the other observations), while for 
other conditions (1 .ON) length and tex were not normally distributed, and were more or 
less skewed. Thus, the method was able to detect both normality of the variables or 
variation in fiber characteristics due to one or another variable.
Table 5 gives the p values from t tests between means of fiber linear densities 
extracted at different time periods (fall 1994 and spring 1995), with a confidence level of 
95%. Fibers extracted at 0.3N, 0.5N, 1.0N, and 3.ON in 1994 were not significantly 
different in tex from fibers extracted in 1995 under the same conditions. Only fibers 
extracted at 0.4 N were significantly different in tex, which suggests that the time
38
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between the harvesting of the cane and the extraction of the fibers does not influence 
fiber characteristics in most cases.
Table 5. T Tests Results for Sugar Cane Fibers Extracted During the Fall 1994 and 
Spring 1995.______________ _________________________ ____________________
Normality Mean tex 
Fall Spring
P value
0.3N 32 42 0.0614
0.4N 56 35 0.0088
0.5N 33 28 0.2304
1.0N 39 31 0.1819
3.ON 23 28 0.0908
T tests were also performed to see if the steam explosion process affected fiber 
size (Table 6). Length was significantly shortened by steam explosion, but overall, the 
linear density did not change with steam explosion for the same extraction conditions.
T tests between fiber replicates (Table 7) show that with the exception of 1.0N 
there were no significant differences between fibers extracted under identical conditions 
and at the same time (fall 1994). This suggests that the results are repeatable and 
reliable.
These results indicate that the sampling and measurement method combined with 
appropriate statistical techniques, are valid ways to determine differences in fiber 
dimensions due to various reasons: change in the extraction conditions, presence or 
absence of steam explosion, or different times of extraction of the same material.
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In addition, the T tests between replicates showed that the results are repeatable 
and reliable, and therefore can be generalized for all the fibers extracted under identical 
conditions. Since linear density is calculated based on the weight and length values, thus
Table 6. T Tests P Values for Sugar Cane Fibers Extracted With and Without a Steam 
Explosion. _____________________ _____________________ __________ _________
Normality Mean weight 
(mg)
P Mean length 
(mm)
P Mean tex P
0.4a 11.44 0.0138 194 0.0001 56 0.5966
0.4b 6.40 222 51
0.5a 3.29 0.2787 100 0.0122 33 0.6461
0.5b 2.87 89 31
a-with steam explosion 
b-without steam explosion
Table 7. T Tests P Values for Replicates o f Sugar Cane Fibers Extracted Under 
Identical Conditions.
Normality Mean P Mean length P Mean tex P
1.01 3.12 0.0746 89 0.1236 31 0.0315
2.21 2.01 0.9484 79 0.8748 23 0.7206
3.01 2.95 0.3639 100 0.1002 28 0.7735
4.51 2.02 0.9942 80 0.9177 24 0.9540
',2-fiber replicates.
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taking into consideration variations or differences due to both weight and length, it is 
better to use it as an estimator of fiber dimension.
4.2 Optimization of the Extraction Process for the Sugar Cane Fibers
A regression analysis was performed for the eighteen experiments and a 
quadratic relationship characterized by the following equation was obtained:
y  = an + a x  + a x 2 + a x x i , J = 1 , 2 , 3  (4)^  0  i i  u  i ij t j  ’  J  ’  ’  v  J
where the a values are the polynomial coefficients computed by the RSReg procedure in 
SAS, and i , j  are their indices. These polynomial coefficients are presented in Table 8 
for length, weight and tex.
Table 8. Polynomial Coefficients.
Response
surface
3o a. a 2 a 3 a u 3-22 a 33 a l2 a l3 a 23
Weight
[mg]
2.42 0.70 0.00 0.15 -0.40 -0.19 0.09 -0.28 -0.16 0.05
Length
[mm]
96.35 2.29 2.68 3.05 -3.10 -4.55 0.61 -8.77 -6.17 1.65
Tex 23.48 0.70 0.00 1.17 0.80 -0.87 0.27 -0.74 -0.83 -0.87
Table 9 presents the vector responses for weight, length and tex, for all the 
experiments, obtained with the same procedure in SAS. Also, a correlation between tex 
and length found that tex has a near linear relationship with length of fiber bundles for
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higher reaction times. For textile applications however, the tex should be minimized, 
which means that the fibers obtained should be finer while maintaining sufficient length. 
Therefore, the obtained model was optimized using MINOS 5.4. The objective function 
was tex, with two constraints: a lower limit for length, and the experimental intervals for 
the three parameters.
Table 9. Vector Responses for the Atmospheric Pressure Delignification of Sugar Cane 
Rinds.
No. Weight Length Tex
1 2.02 71.21 19.79
2 3.01 105.10 26.58
■*>j 2.48 88.71 26.23
4 2.51 99.48 24.70
5 1.95 72.31 26.31
6 2.43 93.47 24.41
7 2.77 108.37 23.91
8 1.98 82.50 24.43
9 2.04 89.08 22.79
10 2.23 83.97 26.19
11 1.77 82.46 20.46
12 1.62 82.28 19.11
13 1.61 82.21 18.76
14 3.38 111.72 27.24
15 2.26 93.09 21.34
16 2.43 97.23 23.84
17 2.61 96.94 25.23
18 2.39 98.56 23.97
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Table 10 gives the values o f the imposed lower limits for length, the minimized 
tex, and the optimized real parameters that would yield these appropriate fiber 
characteristics. The results indicated that a short time of reaction (30 min.), with a high 
frequency o f tumbling (once at every 10 min.), yields fiber bundles with the smallest tex 
(the finest fiber bundles). A solution of NaOH o f around 0.9 N resulted also in fiber 
bundles with the smallest tex, but at the same time with the smallest length (50 mm). A 
linear dependency between the optimized concentration and the lower acceptable limit 
for length was observed.
Table 10. Optimal Conditions that Yield Fibers with a Minimized Tex.
Length as constraint 
[mm]
Normality Reaction
time
Tumbling
frequency
Minimized
tex
50 0.89 30 10 16.73
55 1.03 30 10 16.94
60 1.18 30 10 17.21
65 1.33 30 10 17.55
70 1.49 30 10 17.97
75 1.66 30 10 18.48
80 1.83 30 10 19.10
85 2.02 30 10 19.85
90 2.22 30 10 20.75
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4.3 Bleaching and Dyeing
4.3.1 Bleaching of Sugar Cane Fibers
MANOVA indicated that concentration, temperature, and time all had significant 
effects on the mechanical properties o f the sugar cane fibers. ANOVA was considered 
to study the main effects and the second and third order interaction between 
temperature, time, and peroxide concentration, with a significance level o f 0.05. The 
main factors as well as all the interactions with the exception of temperature with time, 
had significant effects on strain and tenacity. However, for modulus, neither the main 
effect of time, nor the interaction temperature with time, had a significant effect. Overall, 
modulus decreased with bleach concentration (Figure 2). The variable tex was 
significantly affected only by concentration, and the interactions between temperature 
and time (a high temperature and time yielded fibers with lower tex), and the three-way 
interaction o f temperature, time, and concentration. In addition, the hypothesis of an 
overall linear, quadratic and cubic effect of bleach concentration on the tensile properties 
was studied using orthogonal contrasts. The results indicated a highly significant cubic 
effect on strain, tenacity and tex (a 3rd order polynomial dependency), and a linear effect 
on modulus.
Low correlations between the tensile properties and a high variability was 
observed for the bleached fibers. This may be explained by the inherent variability of the 
unbleached fiber bundles, which had linear densities with high standard deviations, due to 
the biological origin of the material and processing instabilities (steam explosion).
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Overall, a high temperature combined with a high reaction time and high concentration 
led to a decrease in the mechanical tensile properties o f the fiber bundles.
4% 6% 8% 10%
Bleach Concentration
■  75C,2hrs 85C,2hrs
§§§ 75C,3hrs H  85C,3hrs
Figure 2. Effect o f Bleaching Conditions on Modulus
The color o f the bleached samples was quantified using a Gardner Tristimulus 
Colorimeter. The bleached fibers ranged from light to darker yellow. As the bleaching 
conditions became more severe, especially at higher concentrations, the fibers obtained 
were less yellow (lower b values) and o f a lighter shade (higher L values), as can be 
observed from Figure3. A correlation was performed to investigate the relationship 
between the color and tensile properties o f the bleached fibers. The highest correlation 
coefficients obtained were 0.88 between tenacity and the yellowness o f the fibers, and
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-0.75 between tenacity and the lightness o f the bleached fibers. These results clearly 
suggest that fibers with higher tenacity were yellower in color, probably because less 
lignin was removed in the bleaching. Therefore, the bleaching process can result in 
white fibers but with a decrease in tenacity due to the removal o f binding materials 
(lignin).
4% 6% 8% 10%
Bleach Concentration
■  75C,2hrs 85C,2hrs
S 8  75C3hrs H  8SC3hrs
4% 6% 8% 10%
Bleach Concentration
■  75C,2hrs ^  85C,2hrs
gg 7SC,3hrs M 85C,3hrs
Figure 3. Effect o f Bleaching Conditions on Color Properties (L and b).
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The same conclusion may be drawn by examining the ESEM micrographs of 
fibers before bleaching (Figure 4) and after bleaching (Figure 5). The unbleached fiber 
bundles have a rough structure, while smoother features with the ultimate fiber cells 
more visible are observed in the bleached fibers as some o f the encrusting materials 
(lignin) have been further removed in the bleaching process.
4.3.2 Bleaching of Kenaf Fibers
For kenaf, the bleaching process resulted in fibers white in color, with no 
significant decrease in strain, modulus (Figure 6) or linear density (Figure 7). The only 
tensile property significantly affected by the bleaching conditions was tenacity (Figure 8) 
(p=0.0298, for a significance level of 5%). Also, the fibers experienced some loss in 
weight after bleaching (between 9 and 16%), as some o f the encrusting materials and 
lignin were removed. Overall, a more severe bleaching process led to a decrease in the 
tenacity of the bleached fibers (Table 11).
Table 11. Mechanical Properties of Kenaf Fibers Before and After Select Bleaching 
Conditions.
Bleaching
conditions
Tenacity
(N/tex)
Strain (%) Modulus
(N/tex)
Tex
No bleaching 0.2067 2.404 8.902 12.8
Exp.l 0.153 2.754 8.315 11.2
Exp. 16 0.147 2.392 7.190 10.5
The ESEM micrographs of fibers before bleaching (Figure 9) and after bleaching 
(Figure 10) showed that the unbleached fiber bundles have rough features because of the
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presence o f various encrusting materials, while smoother features are observed in the 
bleached fibers as some o f the encrusting materials (lignin) were removed in the bleaching 
process (as in the case o f sugar cane fibers).
Figure 4. ESEM Micrograph of Sugar Cane Fiber Bundle Before Bleaching.
Figure 5. ESEM Micrograph of Sugar Cane Fiber Bundle After Bleaching.
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Bleach Concentration
■  7SC,2hn 8SC.2hn
§5  7SC.3tas H  SSC Jhn
Figure 6. Effect o f  Bleaching Conditions on Modulus o f Kenaf Fibers.
4% 6%  g%
Bfeach Cooce&cratioa
10%
^  75C,2hrc 
75C*3hn
85C.2**
85CJhra
Figure 7. Effect o f  Bleaching Conditions on Tex of Kenaf Fibers.
6% 8% 
Bleach Concentration
■  7SC,2hrs fcS 85C.2hra
5  7 5 C Jh rs  S  8 S C Jh rs
Figure 8. Effect o f Bleaching Conditions on Tenacity o f Kenaf Fibers.
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Figure 9. ESEM Micrograph of Kenaf Fiber Bundles Before Bleaching.
Figure 10. ESEM Micrograph of Kenaf Fiber Bundles After Bleaching.
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4.3.3 Direct Dyeing of Sugar Cane and Kenaf
Dye solutions of different concentrations, without salt and with different amounts 
of salts (5. 10, 15, 20 g/L) were read spectrophotometrically at the wavelength of 
maximum absorbance. For both dyes, plots o f absorbance versus dye concentration 
showed an expected linear dependency for all the salt concentrations present in the system 
(Figure 11). In order to verify the reproducibility of the data, replicates were performed. 
Statistical comparison (regression with dummy variables) showed no difference between 
the replicates and the original data.
For each salt concentration, a regression equation of absorbance versus dye 
concentration with zero intercept was obtained. The high R2 coefficients (0.98-0.99) 
indicate a strong linear relation. The slopes o f the regression lines decrease with increasing 
salt concentration. Since during the dyeing process, the dye bath has a different salt 
concentration at different times, it is necessary to obtain a calibration equation that would 
take into consideration the salt concentration in the bath, based on the absorbance of the 
dye bath at any moment. This is especially important in the case of dyes from class B that 
require controlled addition o f salt (e.g. Direct Green 26). Therefore, since the slopes of 
the regression lines change with salt concentration, a regression analysis was performed to 
express them as a function o f salt concentration. A high linear correlation (R2=0.99) was 
observed, and a regression equation was obtained with the parameter estimates a and b. 
From the regression equation with zero intercept of absorbance versus dye concentration, 
and from the regression equation of the slope versus salt concentration, the following 
calibration model was obtained and is proposed for both dyes:
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Figure 11. Effect of Salt on Absorbance for Direct Red 81 and Direct Green 26.
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Dye Concentration [g/L] = -------------- ------------------------------
{a + b Salt Concentration [g/L])
where a [L/g] and b [L^/g2] coefficients are presented for both dyes in Table 12. Values 
for the model coefficients were obtained with a nonlinear regression procedure obtaining 
R2 values close to 1. This model enables the determination o f dye concentration in the dye 
bath at any time, as a function of the absorbance o f the dye solution and the salt 
concentration (Figure 12).
Table 12. a and b Estimates and Standard Errors for Direct Red 81 and Direct Green 26.
Dye Estimates Standard error
Direct a 16.59 0.16
Red b -0.17 0.01
81
Direct a 10.49 0.08
Green b -0.09 0.01
26
The dyeing experiments were carried out with both dyes as described in Chapter 3. 
Fibers bleached under different conditions were selected in order to determine if the 
bleaching parameters affected dyeing behavior. Thus, for Direct Red 81, sugar cane 
fibers bleached under the following conditions were used: 75°C, 2 hrs., and 8% peroxide 
(exp.3), 85 °C, 2 hrs., and 6% peroxide (exp.6), 85 °C, 2 hrs., and 8% peroxide (exp. 7), 
75°C, 3 hrs. and 6% peroxide (exp. 10), 75°C, 3 hrs. and 8% peroxide (exp. 11), 85°C, 3
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hrs. and 8% peroxide (exp. 15). For Direct Green 26 dyeing, sugar cane fibers bleached in 
experiments 6, 7, 10, and 11 only were used. Fibers bleached with 4% peroxide were too 
yellow in color and coarse, while fibers bleached with 10% peroxide were too degraded to 
be included in the dyeing experiments.
Direct Red 81 Direct Green 26
Figure 12. Calibration Surfaces for Direct Dyes.
Figure 13 presents the rate o f dyeing for all the sugar cane experiments with Direct 
Red 81. The slope decreases significantly in the third and fourth regions, where the bath is 
cooled and then maintained at 60°C for 30 minutes. This may be due to the fact that the 
diffusion of the dye molecules becomes more rapid when the bath is cooled, especially 
since the maximum exhaustion temperature o f this dye is 60 °C. When the temperature is 
raised diffusion is better attained, but if  the temperature becomes too high, desorption of 
dye molecules from the fiber back into the dye bath is actually promoted. This is why it is 
necessary to decrease the temperature to promote better exhaustion. The exhaustion 
percent of each dye bath was calculated in order to find if more severe bleaching promoted 
better exhaustion. The fibers bleached under the most severe conditions, 85°C, 3 hrs.. and
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8% peroxide (exp. 15), gave the highest bath percent exhaustion (86%), while the lowest 
value (75%) was observed for fibers bleached in exp. 3 (75°C, 2 hrs., 8% peroxide). 
Generally, fibers bleached at 75°C exhibited a lower exhaustion (under 80%) than fibers 
bleached at 85°C (over 80% exhaustion). This shows that in the bleaching process, 
concentration as well as temperature are the main parameters that influence the partial 
removal of non cellulosic components. This removal is responsible for an increase in the 
specific surface o f the fiber which results also in the creation of more reactive sites on 
cellulose, thus enabling better penetration of the dye molecules. Therefore, the bleaching 
process is essential because it not only whitens the fibers but. depending on its severity, 
allows for a better dyeing by removing lignin and other materials that would otherwise 
hinder the penetration and absorption of dye molecules.
For the Direct Green 26 dyeing experiments with sugar cane (Figure 14), a severe 
change in slope was observed when enough salt was added to promote good exhaustion 
(at 45 min, 2/7 of the total amount, and at 65 min 3/7 of the total), and again when the 
bath was cooled and maintained at 6 0 =C. However, although Green 26 is a larger dye 
molecule, the exhaustion for all the experiments was better (over 80%), with a maximum 
of 86% for exp. 6. All the other 3 experiments (7, 10, and 11) had the same exhaustion 
(82%). The better absorption of this dye compared with the red one may be explained by 
the fact that the green dye has more sodium sulfonate groups, which are responsible for 
the water solubility. These groups, when placed in water, ionize into sodium cations and 
sulfonate anions that are very attracted to water. The more the number o f these groups, 
the better the solubility o f the dye in water, so the better the dye absorption if  enough
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electrolyte is added. For these experiments 20% owf o f salt (20 g/L) was added in 
portions. Another reason may be that the red dye is desorbing more, or is reaching an 
equilibrium.
0 25
3
k .
Cu
co
20 40 60 80 1000 120 140
Time [min]
•  exp3 » exp6 * exp7 » exp 10 ■ expll ■ expIS
Figure 13. Exhaustion o f Dye Bath in Time for Direct Red 81 Dyed Sugar Cane Fibers.
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0.35 i r
0.3
0.25 - -
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Figure 14. Exhaustion o f Dye Bath in Time for Direct Green 26 Dyed Sugar Cane Fibers.
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Figure 15. Cross-section of Sugar Cane Fibers Direct Red Dyed
Figure 16. Cross-section of Sugar Cane Fibers Direct Green Dyed.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
58
The photographs of the dyed fiber cross-sections (Figures 15 and 16) showed that 
the red dye penetrated the entire fiber, while the green dye stayed just within the surface of 
the fiber and did not penetrate as well (ring dyeing). This behavior is explained by the size 
o f the dye molecule, since the red dye is smaller and thus better absorbed by the fiber as 
compared with the green dye.
Kenaf dyeing was conducted only with the red direct dye. Fibers bleached under 
exp. 6. 7, 10. 11, and 15 were selected. Figure 17 presents the exhaustion of the dyeing 
bath in time. As with the sugar cane fibers, the slope decreases significantly when the bath 
was cooled and then maintained at 60°C for 30 minutes. The exhaustion percent of each 
dye bath was also calculated in order to find if more severe bleaching promoted 
exhaustion. However, the exhaustion rates were fairly low (26- 28 %) for all the 
experiments. This is probably because the fibers were not delignified before bleaching. An 
alkaline delignification, followed even by a steam explosion would yield fibers with less 
encrusting materials and increased specific surface, as shown in previous studies 
(Romanoschi et al, 1997). Thus, it was observed that the finest kenaf fibers were obtained 
using a NaOH solution around TON followed by steam explosion. Generally, fibers 
extracted without steam explosion were coarser and longer, while those steam exploded 
had higher surface to volume ratio (were finer) and had more reactive sites on cellulose, 
thus enabling better penetration of the dye molecules. From Figure 18 showing cross- 
sections of dyed fibers, it is apparent that the dye penetrated the fiber, although better 
absorption would be possible if the material would be treated first.
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Figure 17. Exhaustion of Dye Bath in Time for Kenaf Direct Dyed Fibers.
Figure 18. Cross-sections o f Kenaf Fibers Direct Red Dyed.
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4.3.4 Color Characterization of Direct Dyed Samples
L, a. and b values were obtained spectrophotometrically to characterize the color 
o f the dyed samples. Figures 19, 20, and 21 show these values for the Direct Red 81 dyed 
sugar cane and kenaf fibers. The fairly high positive a values indicate that the dominant 
color of the sample is as expected red. The positive b values are low. but if higher, 
would indicate a yellow shade. Sugar cane dyed with a deeper red (higher a values) than 
the kenaf fibers, as would be expected from the higher exhaustion rates. In addition, the L 
values indicate darker shades for sugar cane (lower L values) with the exception of the 
fibers bleached under exp. 7.
Figure 22 shows all three color values for the sugar cane fibers dyed with Direct 
Green 26. The negative a values represent the green color, while the b values are positive 
but very close to 0, indicating an achromatic shade. The L and a values show that the 
fibers bleached under the most severe conditions (exp. 15) are the lightest and greenest in 
jcolor. Overall, all sugar cane and kenaf samples are characterized by similar colors (fairly 
close L. a, and b values).
Figures 23 and 24 show' the K/S values, representing the dye strength, for the 
direct red and direct green dyeing experiments. The sugar cane fibers had higher dye 
strength values than the kenaf fibers, supporting the higher exhaustion rates that were 
obtained for the direct red dyed sugar cane fibers as compared with the kenaf fibers.
4.3.5 Basic Dyeing of Sugar Cane and Kenaf
Only two experiments were conducted with a basic dye. Sugar cane and kenaf 
fibers bleached only under one condition were selected. A calibration curve for the Basic
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Figure 19. L Values for Direct Red 81 Dyed Fibers.
Figure 20. a Values for Direct Red 81 Dyed Fibers.
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Figure 22. Color Values for Sugar Cane Direct Green 26 Dyed Fibers.
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Figure 24. K/S Values for Direct Green 26 Dyed Sugar Cane Fibers.
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Green 4 dye was first constructed (Figure 25) showing a highly linear direct relationship 
between the absorbance and the dye concentration (R~=0.98767). A regression analysis 
performed provided the following regression equation that enables the determination of 
the dye concentration in the bath function o f the absorbance readings:
Absorbance = 82.502 * Dye Concentration (g/L)
Based on this equation the exhaustion of the dye bath in time was determined for 
both dyeings and is represented in Figure 26. Both fibers dyed with very low exhaustion, 
the concentration of the dye bath at the end of the dyeing being almost the same with the 
initial dye bath concentration. However, the color o f the samples was fairly strong as 
expected from color values as well as the K/S values (Table 13). Both fibers had similar 
dye strength values, "but the negative a values indicate that kenaf dyed to a stronger green.
Table 13. Color Characteristics for Basic Dyeing.
Fiber L a b K/S
Sugar Cane 30.40 -28.27 -3.60 21.47
Kenaf 34.72 -38.20 -3.91 21.57
4.4 Lignin Determination
For lignin determination, kenaf and sugar cane samples were used. Fibers before 
and after bleaching (exp.l, the least severe bleaching, and exp. 16, the most severe 
bleaching conditions) were included in order to see if  the bleaching process affected the 
amount o f lignin present in the fibers.
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Figure 26. Exhaustion of Dye Bath for Basic Dyeing of Sugar Cane and Kenaf.
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Table 14 gives the results of the Klason lignin determination, which is based on 
the solubilization of the carbohydrate part using sulfuric acid. As can be observed, the 
unbleached kenaf material had a higher lignin content than the unbleached sugar cane. 
This is explained by the fact that kenaf was not treated chemically before bleaching, 
unlike the sugar cane material that had undergone both a chemical treatment and a steam 
explosion. However, the amount of lignin present in untreated kenaf is close to the 
amount present in treated sugar cane fibers. In addition, the untreated kenaf fiber bundles 
had suitable length and fineness for textile applications, thus being possible to omit the 
extraction process when necessary.
For both sugar cane and kenaf, the bleaching process resulted in a further decrease 
in lignin content, between 22% and 33% decrease for kenaf, and 25% and 38% decrease 
for sugar cane. Within the 16 bleaching experiments, the decrease in lignin content was 
not as sharp compared to the decrease in lignin before and after bleaching, being around 
15% (from exp. I to exp. 16) for both sugar cane and kenaf.
Literature indicates that sugar cane contains between 18%-20% lignin, while 
kenaf contains less, around 10% (Bagby et al, 1971). However these values are reported 
for raw materials that have been harvested green and then field dried. The value obtained 
in this work for kenaf before bleaching, which has not been chemically treated, is 
therefore close to the values reported in literature.
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Table 14. % Lignin Present in the Sugar Cane and Kenaf Fibers Before and After 
Bleaching._________ ________________ __________ _______________________
Material Lignin % % Decrease From Original
Kenaf Before Bleaching 9 0
Sugar Cane Before Bleaching 8 0
Kenaf Bleached Exp. 1 7 22
Kenaf Bleached Exp. 16 6 33
Sugar Cane Bleached Exp. 1 6 25
Sugar Cane Bleached Exp. 16 5 38
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CHAPTERS. CONCLUSIONS
Sugar cane fibers were extracted from the rind of stalks using an alkaline 
treatment at atmospheric pressure followed by a steam explosion process. The weight, 
length and tex of the fiber bundles obtained under different extraction parameters were 
determined using a sampling and measurement technique developed for long natural 
fibers. Statistical methods used showed that the method developed is valid in 
determining differences in fiber dimensions due to extraction conditions, presence or 
absence of steam explosion, or different times of extraction of the same material. Also, 
the results were repeatable and reliable, and therefore can be generalized for all the fibers 
extracted under identical conditions.
The method developed was key in the optimization of the extraction process 
because the sampling and measurement technique enabled determination of differences in 
fiber size due to different extraction parameters. Optimization of the extraction process 
was a primary objective of this study to obtain fibers with properties appropriate for 
textile applications, viz. fibers with a suitable length and fineness. A central rotatable 
experimental design was used, in which the independent variables were alkaline 
concentration, time o f reaction and frequency of tumbling. Quadratic polynomial 
responses were obtained for the effect o f the extraction parameters on fiber bundle 
characteristics. Based on the models obtained, the tex was optimized with a lower limit 
o f length as a constraint. This constraint was imposed because a minimum fiber length is
68
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necessary for further textile processing (the length to width ratio should be at least 100). 
The results indicated that a short time o f reaction (30 min.), with a high frequency of 
tumbling (once every 10 min.), yields fiber bundles with the lowest tex. A NaOH 
solution around 0.90 N (±  0.1) resulted in the finest but shortest fiber bundles.
Conditions should be carefully controlled to minimize reduction in fiber length. These 
findings have economic implications since the chemical consumption required to obtain 
the finest fibers is relatively low, the time of reaction is short (only 30 min.). although 
frequent agitation is required. For preliminary studies conducted with bagasse in a 
continuous reactor recently designed and constructed, the batch optimized parameters 
were adjusted to higher reaction times (1 hr.) and lower concentrations (0.1 N NaOH).
In the continuous reactor a screw conveyor provides mechanical action. This more 
rigorous mechanical action allows use o f milder alkaline solutions, but requires longer 
times. This reactor can also be used to treat rind fibers.
The next step in determining suitability of extracted fibers for textile uses is 
bleaching and dyeing. Bleaching before dyeing is necessary to provide a whiter substrate 
for a better appearance and levelness o f the dyed fibers. Bleaching and dyeing 
experiments were conducted on sugar cane fibers extracted at atmospheric pressure. 
Kenaf fibers used were only mechanically processed and cleaned because they already 
had suitable properties (length and fineness) for textiles. Hydrogen peroxide was 
selected as a bleaching agent for these fibers because chlorine bleaching results in very 
degraded and weak bleached fibers. Chlorine reacts with the residual lignin and 
produces derivatives easily removed in the bleaching process, thus destroying the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
70
cohesion of the fiber bundles. In the case of sugar cane fibers, bleaching with peroxide 
concentrations o f 6 and 8%, at a higher temperature (85°C) provided a good light color. 
If the objective is to maintain fiber mechanical properties, even lower concentrations can 
be used, at lower temperatures and for shorter times. More severe conditions removed 
more lignin and other encrusting materials, resulting in weaker, and finer, although 
whiter fibers.
For kenaf fibers, bleaching resulted in white fibers, with a significant decrease in 
tenacity. However, other tensile properties, as well as linear density, were not 
significantly affected by the bleaching process.
Lignin determinations on fibers before and after bleaching indicated that the 
unbleached kenaf material had lignin content close to values reported in literature (7- 
10%), but higher than the lignin content of sugar cane before bleaching. For both sugar 
cane and kenaf. the bleaching process resulted in a further decrease in lignin content, 
between 22% and 33% decrease for kenaf, and 25% and 38% decrease for sugar cane. 
Within the 16 bleaching experiments, the decrease in lignin content was around 15% 
(from exp. 1 to exp. 16) for both sugar cane and kenaf. The decrease in lignin content 
correlated with the tenacity losses for both fibers.
An important consideration in commercial dyeing of textiles is exhaustion rate, 
because it promotes efficient use of dyes, which are expensive. Direct dyes are 
commonly used for cellulosic fibers and were examined for sugar cane and kenaf in this 
study. Direct dyeing of sugar cane fibers showed good exhaustion rates, between 75 and 
85%. Unmercerized cotton dyed with the same two direct dyes, Direct Red 81 and
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Direct Green 26, showed 60% and 40% exhaustions respectively, with an increase to 
80% and 75% after mercerization. The type o f dye molecule affected the absorption, 
since molecules with more sulfonic groups, such as Direct Green 26 had better solubility 
in water. Direct dyeing requires controlled addition of salt and a model was developed 
to allow determination o f the concentration o f dye in the bath at any time, as a function 
of the amount of salt present and the absorbance of the dye solution. The same model 
was used for direct dyeing of kenaf. which took place however with lower exhaustion 
rates (around 28%) than for sugar cane, probably because the material was not 
chemically treated to extract as many of the encrusting materials. Also the dye strength 
values obtained for kenaf were lower than for sugar cane. Another type o f dye. basic 
dyes that have been used for jute, was also investigated. Basic dyeing o f both fibers 
resulted in fairly strong colors although very low exhaustion rates.
This work has shown that the presence of lignin and other encrusting materials in 
sugar cane and kenaf has an effect on fiber physical properties, such as length, fineness, 
and tenacity, as well as on their chemical properties (behavior to various chemical 
treatments such as bleaching and dyeing). It is therefore necessary to have a suitable 
extraction process which results in fiber bundles with properties appropriate for textiles. 
In addition, a bleaching process is necessary not only to whiten the fibers as much as 
possible but also to remove some o f the lignin. However, if too much lignin is removed, 
the fiber bundles will be weaker. The severity of the bleaching process must be tailored 
to obtain fibers strong enough to withstand in further textile processes such as carding 
and spinning.
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In addition, the current study showed that the severity of the bleaching process 
affected the exhaustion percent in the dyeing. Sugar cane fibers that were bleached 
under more severe conditions dyed with higher exhaustion rates and deeper colors 
(higher a values and lower L values) than kenaf. The dye strength values were also 
higher for the sugar cane fibers. Again the amount of lignin present was significant. 
Fibers with less remaining lignin absorbed the dye molecules better, since more reactive 
sites on cellulose were available for dye penetration. Also, the fact that sugar cane fibers 
were steam exploded enhanced dye penetration, since steam explosion opens the fibers 
and increases the pore size. Therefore, the presence of a chemical treatment and of 
steam explosion before bleaching in the case of sugar cane fibers can account for the 
better dye behavior o f these fibers as compared to kenaf. In addition to chemical 
extraction, more severe bleaching allows for better dye absorption.
Future work should concentrate on a more extensive study of bleaching and 
dyeing. The current work on dyeing of sugar cane is the first conducted, and much more 
can be done. There has been no previous work on dyeing sugar cane fibers, and little 
work on kenaf dyeing. This study also contributed information comparing the dyeing 
behavior of the two types o f fibers, and the effect o f extraction conditions. Fibers 
extracted under other conditions should be used, to determine if a more severe extraction 
process (using higher alkaline concentrations) will result in whiter fibers after bleaching, 
with better exhaustion rates after dyeing, while maintaining fiber length. A chemical 
extraction process might be used for kenaf; however, since kenaf has a lower lignin 
content than sugar cane, steam explosion might be sufficient to open up the fibers for
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better dye absorption. Also, other dyes used for cellulosic fibers, such as reactive dyes 
might be tried in future studies. Standard AATCC colorfastness methods would be 
helpful in determining how well the dyes stay on the fibers after one or more washings.
There are no standard methods for sampling such long cellulosic fibers. 
Therefore, the fiber sampling and measurement method developed in this work will be 
very helpful in any future studies that will be conducted. At any stage in textile testing 
fiber bundles will need to be selected, so a sampling method is necessary to obtain valid 
results and to be able to generalize them for the entire source material. This method can 
be used in the next step in this ongoing project involving sugar cane fibers, which is 
carding and spinning. The extraction process can be optimized to obtain fibers with 
different properties, as was indicated in current work. For textiles it is appropriate to 
use fibers with a low tex (fine fibers) but which maintain enough length to be able to 
adhere to each other in spinning operations. Therefore, future work will need to 
concentrate more on extracting fibers under optimum conditions for carding and 
spinning. The new continuous reactor constructed will help in this task, since it has 
shown that less variability in final fiber properties can be achieved.
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